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Introduction

The research carried out under this grant was in support of work
being done at the Air Force Weapons Laboratory to develop a continu-

‘ously operating laser system based on the transition in atomic iodine
- R R B, )
S T p “3/2 M

The excitation mechansim is based on the near resonant energy exchange

between Oz(lAJ molecules and ground state iodine atoms
1 i 3
I+ 02( A) > I* + 02( %) 2)

Molecular oxygen in the 1A electronic state is produced chémically
or electrically and iodine is introduced into a continuously flowing
stream of excited oxygen, ultimately leading to the production of a
population inversion on the 1.315 p transition.

A model of the chemical and lasing kinetics of this system has
been developed at AFWL by Franklin and can be used to determine optimum
operating parameters and scaling information. Included in this model

are processes
I*+ M>>I+ M (3)

which de-excite the upper state laser level as a result of collisions

with molecules M, It is important therefore, since (3) is in direct
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competition with stimulated emission for the available energy, that
accurate information be available on the second order quenching rate
constants for the molecules M present in the system,

During the early stages of this program a substantial amount of
instrumentation was developed to permit the observation of very high
speed photodecomposition kinetics following laser photolyses of mole-
cular iodine and related compounds. This has been discussed in detail
in a Ph.D. thesis by D, H. Burde which formed the bulk of the report
on this Grant for the period September 1975-August 1212. The apparatus
was used to determine a number of the quenching rate constants required
above and more recently to examine their behaviour as a function of
temperature. These temperature studies represent the new work carried out
during the past grant period and have been described in a paper to be
submitted to the Journal of Chemical Physics. This paper is included

as a part of this present report.

Results and Publications

a) Quenching Rates

The quenching of I(ZPl/Z) atoms by various species has received
some previous attention in the literature. Our initial studies with
M= I2 indicated a second order quenching rate constant almost an
order of magnitude larger than the previously accepted value and
indicated measurements should also be carried out for other potential
quenchers in the iodine .atom laser system in order to have reliable

data for model kinetic computations.
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Second order qﬁenching rate constants at 295° K for deactivation
of I* by IZ’ 02, HZO’ DZO’ HZOZ, COZ’ NZ’ HZ’ HD and D2 have been
determined. For IZ’ 02, HZ’ HD and D2 measurements have been carried
out on the temperature dependence of the rate constants between 295°
K and 600° K.

Publication of this work has appeared as follows:

D. H. Burde, R. A. McFarlane and J. R. Wiesenfeld, Chem.
Phys. Lett. 32, 296 (1975).

D. H. Burde and R. A. McFarlane, J. Chem. Phys. 64,
1850 (1976).

D. H. Burde and R. A. McFarlane-studies on temperature
dependence-submitted to J. Chem. Phys. and included
in this report.

D. H. Burde, Ph.D. Thesis, Cornell University, September
1976.

b) Collisional Release and Complex Photodecomposition Kinetics

By studying the pressure dependence of the appearance rate of
excited iodine atoms following short pulse laser photolysis of
molecular iodine below the dissociation limit, it has been possible
to demonstrate that excited atom production is consistenf with the

process

2 2
I,(B 3no; )+ M> I (5 %Py yp) + (5 %Py + M

where M = I, orN,. A kinetic model has been set up which shows that
the appearance rate of I* from this process should be equal to the
decay rate of the I, B state fluorescence. Careful computer fitting

of the U.V. absorption data which represents I* population does indeed
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indicate a production component of the correct form.

The laser induced decomposition of I2 is however more complex.
A second pathway for the production of excited iodine atoms was
found having a different rate from the '""Collisional Release' mechanism
above. The process also proceeds as a result of collisions but
involves an electronic state of I2 other than the B state. The
identity of this state has yet to be unambiguously established.

Efforts to determine that a two photon absorption process is
responsible leading to the excitation of an electronic state of I2
above the B state have been inconclusive and more measurements are.
required. The electronic state is clearly a bound state, possibly
the 321-1 state correlating with 3P2 and 15 ionic atom states. The
data obtained provide information on the quenching rate of this state
by both I2 and N2 molecules.

The significance of the observations is however that two photon
excitation mechanisms may indeed be adequately strong to provide
molecular excited state population of adequate species concentration
to be of value in kinetics observations. Previous two photon studies
have largely been directed at obtaining only spectroscopic information.

This work has been published as:

D. H. Burde and R, A. MFarlane, Chem. Phys. 16, 295 (1976).
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c) Lineshape Effects

The use of atomic absorption spectroscopy under conditions similar
to those in the present experiments can lead to the necessity of mod-
ifying the simple Beer-Lambert law of absorption by an empirical
constant y which must be determined by measurement over the range of
experimental parameters. A series of computations were made designed
to explore the validity of such a modification and to determine, if
possible, conditions under which it can be employed. It was found
in particular that for the measurements of iodine atom kinetics
reported here only a small modification of the Beer-Lambert law is
required and indeed our measured quenching rates (y corrected) have
been found to be in excellent agreement with subsequent observations
made using fluorescence techniques.

This work has been puslished as:

C. C. Davis and R. A. McFarlane, J.Q.S.R.T. 18, 151 (1977).
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Abstract of Objectives and Accomplishments

A new experimental technique has been developed to study gas
phase kinetics on a timescale more than two orders of magnitude
faster than previously possible. The kinetics of the collisional
production and deactivation of electronically excited iodine atoms,
I*(ZPl/Z), were studied by selectively photolyzing molecular I,
with a short pulse (10 nsec) tunable dye laser. The excited atom
population as a function of time following each laser pulse was
detected by photoelectrically monitoring the absorption of atomic
iodine resonance radiation at 206.2 nm. In this way, kinetic processes
on a tens-of-nanosecond timescale were observable.

The primary goal of the project was to obtain the collisional
quenching rates of I*(zPl/Z) by several collision partners of interest
in pulsed and CW iodine laser systems. The nonradiative decay by
collisional quenching is an important loss mechanism in these lasers
and accurate quenching rates are required for computer modelling and
efficient laser design. A systematic study of the quenching rate of
I* as a function of added gas pressure was undertaken. By using a
relatively low energy photolysis pulse and employing signal averaging
to improve signal-to-noise ratios, many problems which complicated
earlier high-energy flash photolysis studies were eliminated. High
precision pressure measuring equipment and computer analysis of the
digitized waveforms permitted accurate determination of the second
order quenching rate constants at 295° K for deactivation of I* by

12, 02, HZO’ DZO’ HZOZ’ COZ’ NZ’ HZ’ HD, and DZ‘ Very significant
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differences in quenching efficiency were observed in isotopically
substituted species and a very high quenching efficiency was found
for I and also for 0,, for which a near resonance E + E energy
transfer occurs with I*, To further probe the physical procésses
causing the quenching, the temperature dgpendence of the quenching

rates for 12, 02, H,, HD, and D, were determined. Results of the

2’
temperature dependence studies supported the importance of resonant

E + V energy transfer for deactivation by H,, HD, and DZ’ The

29
quenching rate was found to increase with temperature for both I
and 0,, with small activation energies for each.

The second major area of work involved the study of the
collisional production of excited atoms (I*) from bound electroni-
cally excited states of 1,. Significant production of I* was found
for excitation as much as 4.5 kT below the dissociation limit of the
IZ(B) state. Using the high speed photolysis system, the concentration
of I* was seen to continue to rise for several hundred nanoseconds
after the laser pulse. By studying the detailed behavior of the
rising portion of the signal as a function of pressure, the collisional
production of I* atoms from bound states of I2 was confirmed and a
kinetic model for this '"collisional release' process was developed.

In addition, evidence of two photon absorption to a higher lying
bound electronic state was uncovered and collisional decomposition
from this state was also measured.

The high speed photolysis system developéa in the course.of this
work is extremely versatile and attractive for a variety of gas phase
kinetic studies, It provides selective excitation and selectivé

observation as well as excellent sensitivity and speed.
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J. Quant. Spectrosc. Radiat. Transfer. Vol. 18, pp. 151-170. Pergamon Press 1977. Printed in Great Britain

LINESHAPE EFFECTS IN ATOMIC ABSOIiPTION SPECTROSCOPY

CurisToPHER C. Davistt and Ross A. McFARLANES
Cornell University, Ithaca, NY 14853, U.S.A.

(Received 13 February 1976)

Abstract—Deviations from Beer's Law caused by the relative lineshape functions of source and absorber in
atomic absorption experiments are considered. The validity of using a modified form of the law
incorporating a correction factor y, which is particularly convenient in time-resolved atomic absorption
experiments, to account for these deviations, has been critically examined for a wide range of source and
absorber lineshapes using numerical evaluation of the transmission integrals involved. It is concluded that
there is, in general, no theoretical justification for the use of such a y factor, except in the case of large
source linewidth/absorber linewidth ratios when the line broadening in the absorber_involves a significant
homogeneous (Lorentzian) contribution. The use of empirically determined y factors, much different from
unity to analyse experimental data, should be viewed with suspicion unless direct evidence is presented to
show that under the experimental conditions y happens 1o be constant or slowly varying.

INTRODUCTION

THE ABSORPTION coefficient at frequency v of a spectral line with a normalized lineshape function
(1)

g(v) is 4
a(v)= (AOZAZIgzlsﬂ'gl)lNl —(g:\/g2)N2Jg(v), (1
where the symbols have their usual significance. In a medium with such an absorbing line, the

intensity of radiation transmitted a distance s through the medium, if saturation effects are
negligible, satisfies Beer’s law S

I =ILexp(—as), 2

where I, is the intensity of the radiation at s ='0. If g(») is determined predominantly by
homogeneous broadening, it is given by the normalized Lorentzian lineshape function

gu(v) = QlmAvn){1 +[2(v - vo)/Avn ]}, 3)
where v, is the line centre frequency and Awy is the full width at half maximum height

(FWHM) of the line. When inhomogeneous broadening predominates, g(v) is given by the
normalized Gaussiah lineshape function

"KD(V) =(2/Avp)In2/m)" exp {~[2(v - vo)lAvp ) In 2}, @

where Ayp is the FWHM of the line. With both Lorentzian and Gaussian broadening, the
lineshape function is given by the normalized Voigt profile"-”

- ny [ e”
&.(v) = (2/Avp)(In 2/w) " fm V+(x-1) dt, )

where y =Awvy In2)"?/Avp and x = 2{v — »o)(In 2)"*/Avp; Avy and Avp are the FWHM of the
Lorentzian and Gaussian contributions to the total lineshape.

The Voigt profile can be written in terms of the real part of the error function for complex
argument 2W(2)™ as :

2.(v) = 2Avp)(In 2/ m) *RAW(2), (6)

tPresent address: Electrical Engineering Department, University of Maryland, College Park, MD 20742, U.S.A.
$School of Applied and Engineering Physics and Materials Science Center.
§School of Electrical Engineering, Materials Science Center and Laboratory of Plasma Studies.
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152 ’ C. C. Davis and R. A. MCFARLANE

where z = x + iy. The function W(z) has been tabulated;™

function Z(z) tabulated by Frieo and Conte™® by

it is related to the plasma dispersion

W(z)= Z(2)]im". )
The absorption coefficient of a medium with a Voigt profile is then
a(v) = asRW(z2), 8)

where a, is the same as the absorption coefficient at the centre of a Gaussian line and is given
by the expression ‘

L L

s s g.AVD

Iz \ v N,—(g/g2)Na). )

In most situations encountered in atomic absorption spectroscopy, N, < N, and we may write
N,= N and

o= koN, (10)
where
e il l_n_2 V2, 82An
k°—4‘n' ( T ) Ao gAvp i

It is clear from eqns (8) and (9) that monochromatic absorption measurements at » yield
information about N, (provided N,<N,) and A, provided the lineshape function of the
absorber is known.

In practice, it is difficult to find an ideal monochromatic source. Tunable dye lasers can be
used, but care must be taken to ensure that their emission frequencies are stable. In some cases,
the laser may be operated on the transition used in absorption [as in determinations of ground
state atomic iodine concentrations®). In general, however, atomic absorption experiments, are
performed with incoherent line sources involving the atoms studied in absorption.

If the total source intensity reaching the detection system, in the absence of absorbing
material, is Io, then the total detected emission in a small frequency range dv at frequency » is
Iog.(v) dv, where g,(v) is the normalized source lineshape function; g,(») includes all the effects
of line broadening and reabsorption within the source, as well as any convolution of the
spontaneous emission lineshape function of the source with the frequency transmission
function of optical elements between source and absorber."”

For a spatially uniform concentration of absorbing material of constant geometrical length,
the observed intensity is

l - 10 I” g_:(V) e—a(u)l.dv, (12)

where a(v)=kNg(v) and k = A A.g./87g,. Expanding the exponential in eqn (12), the
transmission becomes

T=1Il,=1-aF +bF*[2!-cF[3!+- - -, (13)

where F = kNLo and o is the value of g(v) at the line centre. The coefficients a, b, ¢, ..., are
given by the expressions

a=l f:g,(v)g(u)dv. b= [:g.(v)(g(u)l’du. = [:g.(ungtvn‘du...

e v W
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Lineshape effects in atomic absorption spectroscopy 153

For small absorptions (F < 1), eqn (13) gives
In(I/1p) = —’5[ g (v)g(v) dv. (14)

In this case, a graph of In(l,/I) vs F is linear and Beer's law holds. However, when the total
absorption is not very small, eqn (13) shows that graphs of In (lo/I) vs F are no longer linear.
The resultant “curves of growth™ have received considerable attention.

Determination of the transmission of an absorber from the series expansion given in eqn
(13) is not practicable for F > 1 as the series converges slowly and it is better to evaluate the
integral in eqn (12) directly. Some results of this type have been given by PRUGGER™ for sources
and absorbers having Lorentzian or Gaussian lineshapes. If the source and absorber lineshapes
are known, the coefficients a, b, c...can be determined. For small values of F, a function
containing the first few terms of eqn (13) can then be fitted to an experimentally determined
curve of T vs relative absorber concentration to determine F. This method has been used by
Morse and KAurMaN,"'® Parkes, KEyser and KaurMan'" and Kaurman and PARkes"® by
assuming both source and absorber to have Doppler profiles, while BRaun and CARRINGTON'?
have considered the effect which self-reversal of the source has on the transmission of a given
Doppler-broadened absorber. Alternatively, a “best fit” to an experimentally determined curve
of transmission vs relative absorber concentration can be used to find empirical values for a, b,
c...,and hence F, without specific knowledge of source and absorber lineshapes,'*'* although
a unique “best fit” may be difficult to find. If this occurs, improved results can be obtained by
comparing observations made with different sources"® (which should have different lineshape
functions). These various techniques for taking into account source and absorber lineshape
effects in atomic absorption measurements have been compared by BEmanp and CLYNE"® for a
few combinations of source and absorber lineshapes. Further distortion of transmission vs
relative absorber concentration curves occurs if the source and absorber lines are closely
spaced multiplets or have resolved hyperfine structure. However, this problem can generally be
dealt with by one of the listed methods of analysis.'*%!+'®

An empirical, modified version of Beer’s Law has been proposed"'® which accommodates the
effect of source and absorber lineshapes and is particularly convenient to use in time-resolved
atomic absorption measurements. This modified form of Beer's Law, which should be
compared with eqn (13), can be written as

T =1II,=e"*”, , (15)

where y has been assumed independent of absorber concentration over the range of absorber
concentrations used in very many time-resolved atomic absorption experiments.”**"*" In such
experiments, if the transient absorbing species decays exponentially, then F = F,e™"". Then, if
use of eqn (15) can be justified,

Inln(1/T)=ytfr+yIn F,, (16)

which allows determination of 7 from a graph of Inln(1/T) vs ¢t if y is known.

As is discussed briefly by BEManD and CLYNE,"® it is difficult to justify the use of such a y
factor theoretically, as is evident by comparing eqn (13) and the series expansion of eqn (15),
viz.

3
T=I/1‘,=I—F’+—I;!z-%—'1+-~. (17)

Only as y-1 and a, b, c->1 do eqns (13) and (17) become equivalent. However, the use of
such a y factor has been demonstrated to be empirically correct in several experiments from
the relatively good linearity of InIn(1/T) vs In F plots.*#2!-2430

It is our purpose in this article to consider carefully when the use of such an empirical y
factor may be justified. To this end, we have numerically evaluated the integral in eqn (12) for a

e e R . T o e R
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large number of source/absorber lineshape combinations over a wide range of absorption '
coefficients. To test the validity of eyn (15), we have computed curves of In In (Io/[) vs In F for each
source/absorber lineshape combination. By numerically differentiating these curves we have |
thus determined an effective y as a function of absorption and have concluded that, in general, :
v is not independent of absorber concentration. We will deal, in turn, with the results for each
of the combinations we have studied. ;

(1) Doppler-broadened source and absorber

In this case, from eqns (4) and (12) and writing Av,, Av, for the Doppler widths (FWHM) of '

the source and absorber lineshapes, respectively,

I,

: f-: 3%: (I_r:r_?.) g exp {~[2(v - »o)/Av,J’ In 2}

x exp [— F exp {~[2(v = vo)Av,? In 2}] dv.

Expanding the second exponential, this gives

IlI,=1- Fl(Av/Av.) + 112+ F[2)[2(Av./Av. Y + 1] - F’I3!i3(Av,IAu.)’ +1]"7 4.,

where, for a Doppler-broadened absorber,

However, we have evaluated the integral in eqn (18) numerically to determine the dependence

2y 2
F=iNLg=-L (‘—“—3) Ao Augany
4o \nw Av, g

of T on absorber concentration. The integral was rewritten in the form

IL,=2 In 2(In 2/7)"* exp [-4(Av)* In 2} exp {~ F exp [-4(wAv)*In 2]} dAv,

where w =Ap,/Av, and (v — v,)/Ay, = Av; computation was trancated 10 linewidths from the

line centre.®?

To determine curves of growth, the integral in eqn (21) was evaluated at uniformly spaced
values of In F between In F = —4 and In F = 4 for values of the sourcefabsorber linewidth ratio
between 0.1 and 10. Some typical curves of growth obtained in this way are shown in Fig. 1.
However, of more interest are the curves shown in Fig. 2 and tabulated in Table 1, which

illustrate the dependence

It is clear that, when y deviates significantly from unity, it is not independent of absorption,

50

30

in In (Ig/1)

-70

of the y factor on observed absorption.

Ay, (Source)

Ay,(Absorber)

A:0Hl -
- B:10 S
c:=30 =i

= 10

MR Wpa—— . 1 1 p— - ]

9o 20 ) 20 40

Fig. 1. Curves of growth for a Doppler-broadened source and absorber,

(18)

(0) Y’

(21)

(19)
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Fig. 2. y factor variation with observed absorption for a Doppler-broadened source and absorber.

Table 1. y factor variation with observed transmittance for a Doppler-broadened source and absorber

8vp, (Source) 0.1 1.0 3.0 10.0
AvD (Absorber)

InF T Y i3 Y T v T Y
-3.2 | 0.9603 1.000 | 0.9717 0.997 | 0.9873 0.991 | 0.9960 0.98h
-2.4 | 0.9137 1.000 | 0.9382 0.994 | 0.9722 0.979 | 0.9913 0.970
-1.6 | 0.8180 1.000 | 0.8683 0.987 | 0.9406 0.953% [ 0.9813 0.934
-0.8 | 0.6395 1.000 | 0.7337 0.970 | 0.8785 0.898 | 0.9616 0.853

0.0 | 0.3697 1.000 [ 0.5139 0.925 | 0.7728 0.778 [ 0.9279 0.712

0.4 | 0.2264 1.000 | 0.3829 0.879 | 0.7055 0.682 [ 0.9062 0.606

6.8 | 0.1092 1.000 | 0.2577 0.803 | 0.6356 0.565 [ 0.8833 0.488

1.2 | 0.0368 1.000 | 0.1773 0.686 | 0.5706 0.442 [ 0.8615 0.375

1.4 | 0.0177 1.000 | 0.1198 0.615 | 0.5417 0.3%8 | 0.8516 0. 327

1.6 | 0.0072 1.000 | 0.0907 0.542 | 0.5156 0.341 | 0.8424 0.287

1.8 | 0.0024 1.000 | 0.0689 0.475 | 0.4920 0.304 | 0.8339 0.255

2.0 | 0.0006 1.000 | 0.0528 0.419 | 0.4706 0.274 | 0.8260 0.230

2.2 § 0.0001 1.000 | ©.0403  ©.375 ] 0.4510 0.25) | 0.81R6  0.210

2.4 | 0.0000 1.000 [ 0.0318 0.340 | 0.4329 0.232 | 0.8116o 0.194

2.6 | 0.0000 1.000 | 0.0250 ©0.%13 | 0.4161 0.216 | 0.8050 0. 180

2.8 [ 06.0000 0.999 | 0.0197 0.250 | 06.4003 0.203 | 0.7986 0.169

3.0 | 0.0000 0.999 | 0.0155 G.271 | 0.3354 0.171 [ 0.7924 0.159

3.2 | 0.0000  0.999 | 0.0123 ©.255 | 0.3714 0.181 | 0.7865 0.150

invalidating the use of the modified Beer’s law when a Doppler-broadened source and absorber
are used. Only for small values of w, (e.g. the 0.1 curve in Fig. 2) does the absorption follow
Beer’s law up to large absorptions with a value of y close to unity.

(ii) Doppler-broadened source and Lorentzian-broadened absorber
The transmission integral evaluated in this case was

Il,=2 f_‘ 2(In2/m) " exp [-4(Av)* In 2] exp {- F[1+ 4(wAv)’]"}Av, 22)

where w=Av, (source)/Avy (absorber). Some typical results from these computations are

Fig. 3. y factor variation with observed absorption for a Do,

1.0
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156 C. C. Davis and R. A. McFARLANE

shown in Fig. 3 and Table 2. In this case, for large values of the source/absorber linewidth ratio,
y changes more slowly with absorption than with a Doppler-broadened absorber and becomes
approximately constant for large linewidth ratios and absorptions.

(iti) Lorentzian-broadened source and absorber
The transmission integral to be evaluated in this case is

I, = 2f | %ll +4(Av)] ' exp{- F[l +4(wAv)’] '} dAv, (23)

where w = Avy (source)/Avy (absorber). This integral can be evaluated in series as
F__F 2+w) F'(8+9%w+3w)
T+w 212(1+w)? 31 g(1+w)

F(16+29w + 20w+ 5w’)  F*(128 4 325w + 325w + 175w’ + 35w*)
4 T+ wy 51 128(1 + w)° LG

IM,=1-

However, convergence of this series is poor for F > 1 making direct numerical evaluation of
eqn (23) desirable. Because a source with a Lorentzian lineshape has considerable energy in its
wings, the integral was truncated at 1000 linewidths from the line centre. Some typical results
from these computations are shown in Fig. 4 and Table 3. The trend towards a more slowly
changing y with absorption for large values of w is again evident. For large values of w, so
much of the emission intensity of the source lies outside the region where useful absorption
occurs, that large absorptions are not observed for the maximum values of F used in our
computations.

(iv) Lorentzian-broadened source and Doppler-broadened absorber
The transmission integral evaluated in this case was

I,=2 f %[l +4(Av)’] "' exp{~ F exp [-4(wAv)’ In 2]} dAv, (25)
0
where w = Apy (source)/Avp, (absorber). Typical results from these computations are shown in

Table 2. y factor variation with observed transmittance for a Doppler-broadened source and Lorentzian-broadened

absorber
.’:.;D (Source)
T tAbacEEeT) 0.1 1.0 1.0 10.0
D -

InF T \ 57 3 T v T

-3.2 71 09603 1,000 | 0,707 6. 498 P—)._‘T;‘»l 0,493 [ 0.994n  0.991

-2.4 0.9139 1.000 0,9342 0. 994, 0,975 0,487 0, 9481 0. 980

B P VRS RS LO0O | 0,883 0.990 | 6.9300  0.971 | G. 9742  0.956

-0.8 | 0.6401 1,000 | 0,7328 0,975 | 0,8552 0.9 0.9461  0.906
0.0 0. 3705 1. 000 0.509% 0. 94y 0.72¢y 0,803 0. 8934 0.814
0.4 | 6.2274 1,000 | 0.3740 0,919 | 0.6838 0807 | 0.8576  0.750
0.8 | 0.1097 1000 | 0,2481  0.874 | 0,534 0.738 | 0.8139  0.681
1.2 0.0370 1. 000 O, 1462 0. BUKX 0.4342 0, 606 0. 7644 0.61%
1.4 | 0.0179 LOoo [ o.6%0 0,768 | 004855 0,634 | 0,7379 0,593
1.6 0.0073 Lovo [ 0,0651 0,725 1 0, 33x0 0,607 0.7101 0.573
1.5 0.0025 1. 000 0,.04214 0. 687 0,2947 0,555 C.h812 0,557
2.0 0.0007 1. 000 0,020 0.65% 0.2532 0. 500 n.ea11 0,545
2.2 10,0001 0.999 [ 0.0140  0.525 | 02146 0,55 | 0,619T 0,536
2.4 6.0000 0. 999 0,600 0,604 0. 179 0,547 0, 5570 0,530
oo L oonano 0,997 | 6,0051 0887 10,1468 0,580 10,6504 0,524
2.4 0.0000 0. 99 0, 0020 0,575 0. 1150 0,548 0, 5181 0,520
5.0 0. 0000 0,994 0,001 0, 55 0,008 0.52% 0, 4420 0.517
3.2 | 0,0000 0,098 | 0,000 O, 85¢ 00712 0,524 | 0, 4452 0,514
5.6 G, s70y 0,510
4.0 0, 2950 0, 507
4.4 0, 2251 0,505
4.4 o, 1618 0,503
5.¢ 0,107 0,504
5.6 0,065 0. 502
6.0 < | 0,015 0,502
.4 0,.00170 0,501
6.8 0.0069 0,501
T 0.002% 0,501

.
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Fig. 4. y factor variation with observed absorption for a Lorentzian-broadened source and absorber.

Table 3. y factor variation with observed transmittance for a Lorentzian-broadened source and absorber

L ‘N iSource
m 0.1 1.0 3.0 10.0
Ink T ~ r v 14 v ) v
-3.2 0.9637 0.9% 0,979 0.4 0. 98499 0,992 0.49963 0.990
-2.4 0.9210 0. 998 ¢, 9562 0,947 0.9780 0.981 0.9920 0.978
B L 0.8331 0.994 0,.9064 0.971 0.17526 0.959 0.9826 0.951
-0.8 0.0.678 0, 946 0, %090 0,734 0.49019 0,910 0.9637 0.897
0.0 0.4133 0,959 0.6453 0, #44 0.8117 0.813 0. 9248 0.797
i 0.4 0.2744 0.924 0.5430 0.771 0.7507 0.739 0.9040 0.728
\ 0.8 0.155% 0.843 0.4390 0,665 0.6K23 0.653 0. 8744 0.654
Y. 2 0. 0767 0.06h 0. 3440 0,540 0.6115 0,565 0.8412 0.587
1.4 0.0531 0.533 0.3065 0.479 0,.5765 0,526 0.8233 0.559
1.6 | 0.0381  0.393 | 0.2721  0.425 | 0.5423 0,492 | 0.8046 0.535
1.8 0.0292 0.277 0.2425 0.379 0.5091 0,464 0.7851 0.516
2.0 0.0253 0.203 0.210% 0. 343 0. 476K 0,439 0.7647 0.501
ol N.0204 G. 164 0. 1945 0,315 0. 4454 G.418 0. 7434 0. 488
2.4 0.0179 0.143 0.1749 0,292 0.4151 0. 399 0.7211 0.477
2.0 0.0160 0.132 0.157% 0.27% 0. 3859 0, 382 0.6979 0.467
2.5 0.0143 0. 125 0. 1420 0.257 0.3578 0,367 0.6738 0.457
3.0 0.0128 0.121 0, 1281 0,243 0. 3308 0. 1352 0.6487 0. 448
3.2 0.0115 0.120 0. 1157 0.240 0,3052 0. 337 0.6229 0. 440
By(Source)
Qv (Absorber)
A=01
8:=10
cC=30
D=10
¥ |
. !
i
i
'
o6 = 20 46 0 80 00 i
Observed Absorption (percent) 1
Fig. 5. y factor variation with observed absorption for a Lorentzian-broadened source and Doppler- !
broadened absorber.
Fig. 5 and Table 4. Once again in this case of a Doppler-broadened absorber, y is a steadily
changing function of absorption except when 7y is near unity. This further indicates the general
invalidity of the modified Beer’s law for Doppler-broadened absorbers.
(v) Voigt-broadened source and absorber
The transmission integral evaluated in this case was
* 2 (In2\"? 2 ; &
=] —— (=) 2W(2)exp[- FRW(2')|RW(iy')] dv, (26)
<Dvp, \ 7
P ——— e e ~ R —
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158 C. C. Davis and R. A. MCFARLANE

Tabie 4. y factor variation with observed transmittance for a Lorentzian-broadened source and Doppler-broadened

absorber
L"'N ISource)
TR 0.1 1.0 3.0 10,0
D
InF T v T v T s R
S3.216.9635  0.999 | 0.9808  0.933 | 0.9915  0.498% | 0. 4075 0. b
-2,4 ] 0.9208  0.997 | 0.95352 0,983 | 0.9%15 0,973 | 0.4941 0.0
-6 ] 0.8326  0.994 | 0.9109 0.962 | 0.9604 0,943 | O.9878 6,940
-0.8 0.6672  0.9%4 0. 8195 G.913 0.9191 0,874 0. 741 0. 452
0.0 | 6.4138 0.951 |0.0692 0.795 | 0.8488 0.7% | 0.9s13  0.702
0.4 0.2764 0.905 | 0.5783 0,494 0.8043  0.630 | G.9307 0.5%5
0.8 | 0.1601  0.801 | 0.4%99 0,555 | 0.7581 0.507 | 0.9212 0,470
1.2 0.083) 0.580 0.4159 G.394 | 0.7154 0. 384 ULN065 0,304
1.4 0.0618 0.429 (0.3867 0.327 [ 0.6965 0.33 0.9000 0. 310
1.6 | 0.0481 0,286 | 0.3626 0.207 | 0.6795 0.286 | 0.8937 0.277
1.8 0.0402 0.181 0.3430 0.220 | 0.6642 0.250 | 0.8850 0.245
2.0 | 0.0357 0.123 |0.3268 0,180 | 0.6504 0.222 | 0.8K27 0.2¢1
2,2 10,0329 0.095 [0.3133 0.161 | 0.6378 0.201 | 0.%777 0.201
2.4 { 0.0308 0.083 [0.3017 0.142 | 0.6262 0.183% | 0,876 0, 145
2.6 10.0290 0.075 | 0.2914 0,127 | 0.4153  0.108 | 0 8L8u 0,172
2.8 ] 0.0275 0.068 |0.2823 0.115 | 0.6052 0.15% [ O.8L43 0. 16l
3.0 | 0.0262  0.060 |0.2731 0.104 [0.5956  0.145 [ 0.8602 0.15]
3.2 | 0.0251  0.051 [0.2006 0.097 | 0.5806  0.136 | 0.8562 0.142

where Avp, is the FWHM of the Gaussian contribution to the source broadening. With Awy, as
the FWHM of the Lorentzian contribution to the source broadening, z is given by

z=x+iy, where x =2(v — ¥,)(In 2)"*/Avp, and y = Avn, (In2)"*/Avpp,

while, for the absorber, z’ = x’' +iy’, where x' = 2(v — o)(In 2)'"*/Avp, and y' = Awn, (In2)"*/Avp,.
To allow comparison of the results with those for Gaussian and Lorentzian-broadened sources,
we use the Voigt profile normalized to unity at the line centre in the second exponential factor
in eqn (26). This ensures that this second exponential factor becomes € * at the line centre, as
before. To evaluate the real part of the error function for complex argument, we used the very
accurate algorithm described by ReicHeL.?® However, as pointed out by Reichel and confirmed
by us, this algorithm was generally unsuitable when either x*>49 or when simultaneously
x*><49 and 1/4y*< 1. For these values of x and y, we used the very satisfactory numerical
expressions for 2W(z) given by Gautschi in Ref. (3). Alternative algorithms for RW(z)
described by WHITING® and Harstap®” were insufficiently accurate and not markedly more
convenient to use.

Some typical results obtained from eqn (26) are shown in Fig. 6 and Table 5. The figure
shows the y-factor dependence on absorption for sources and absorbers with Lorentzian
width/Gaussian width ratios of unity. These curves illustrate the behaviour of sources and
absorbers with line shapes intermediate between those combinations considered previously in
(i)-(iv). Again, Fig. 6 illustrates the tendency of y to change more slowly with absorption, for
large source linewidth/absorber linewidth ratios, when the absorber has a substantial degree of
Lorentzian character.

10

o8t Av, (Source)
Av,(Absorber)
A=01

ol B:10
c= 30

1 0= {10
04r
ozy
 ASCESS TNECENCEE DENSNIY jeemm——" SRS |
o} 20 40 60 80 100

Opbserved Absorpton (percent)

Fig. 6. y factor variation with observed absorption for a Voigt-broadened source and absorber with equal
Lorentzian and Gaussian widths.
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Table 5. y factor variation with observed transmittance for a Voigt-broadened source and absorber each with
Lorentzian width/Gaussian width = 1

&v__ (Source)
AvD (Absorher) 01 1.0 3.0 t0.0

InF T v T '~ i v T v

-3.2 |1 0.9012 1.000 | 0.9765 0,995 [ 0.9886 0,991 0.9961 0.949

-2.4 | 0.9158 1.000 | 0.9487 0.990 | 0.9751 0.981 | 0.9914 0.975

-1.6 0.8223 0.999 0. 8906 0.977 0.9466 0.954 0.9%815 0. 940

-0.8 0.6472 0.998 0.7778 0,46 0. 8899 0.908 0.96158 0. 886
0.0 0. 3805 0.995 0.5912 0.870 0.7907 0. 50t 0.9255 0.774
0.4 | 0.2373 0.992 | 0.4772 0.798 | 0.7247% 0.728 | 0.9005 0.69%
0.8 | 0.1179 0.985 | 0.3649 0.092 | 0.6527 0.637 | 0.8716  0.617
1.2 0.0422 0. 969 0.2692 0.557 0.5796 0.547 0.8398 0.547
1.4 | 0.0214 0.953 | 0.2306 0.4%% | 0.5442  0.509 | 0.8230 0.520
1.6 | 0.0095 0.927 | 0.1983  0.428 | 0.509% 0,478 | 0,H4056  0.500
1.8 0.0037 0. HHK2 0.1716 0.379 0.4765 0.454 0.7875 0. 440
2.0 0.0013 0.815 0. 1493 0. 342 0.4441 0.435 0. 7645 0.477
2.2 0.0004 0.732 0. 1305 0.315 0.4125 0,421 0. 7485 0.471
2.4 | 0.0001 0.664 | 0.1143 0.297 | 0.3816 0.410 | 0.7274 0.467
2.6 0.0000 0.635 0.1001 0,284 0.3515 0. 400 0.7051 0,464
2.8 0.0000 0.641 0.0875 0.275 0. 3222 0. 1391 0.6815 0. 462
3.0 0.0000 0.663 0.0763 0. 268 0.2939 0. 381 0.6567 0. 460
3.2 0.0000 0.691 0.0662 0,264 0.2667 0.372 0.6307 0.457

(vi) Model one-dimensional single layer self-reversed Doppler-broadened source cind Doppler-
broadened absorber

Sources used in atomic absorption spectroscopy frequently have lineshapes modified by
reabsorption. A simple model of such a source is one where the source is extended in the
direction in which emission passes out to the absorber, is Doppler-broadened at a uniform
temperature and contains a uniform concentration of atoms in the lower level of the emitting
transition. It is assumed that radiation emitted towards the absorber, if reabsorbed, has
negligibly small probability of being reemitted in the direction of the absorber. A capillary
discharge source viewed axially as a source of ion-resonance transitions could satisfy these
conditions.

Such a source can be viewed as a one-dimensional, uniform, single layer. If the absorption
coefficient at frequency v within the source is a(v), its unreversed normalized lineshape
function is g(») and its length is L, then its normalized self-reversed lineshape function is

o_[l Pl e—-kNLu(u)I

=TT 27

where the normalization factor o is given by the expression

U—(] € %o )["Z‘ "!2(n lnz)llz ] = (28)

Here D is the optical thickness of the source which, for a Doppler-broadened, unreversed
source lineshape, is defined by

kNLg(v) = D exp {—[2(v = vo)/Avp,)* In 2}. (29)

For this type of source and a Doppler-broadened absorber, we have evaluated the transmission
integral

Il = [ 3 (I—_e—"—,;-) {1-exp [~ D exp {~[2(» - v)lAv. ] In 2}]}

xexp [~ F exp {~[2(v - vo)lAv.) In2}) dv : 30)

for a wide range of values of F, D and source linewidth/absorber linewidth ratios. Some typical
results from these computations are given in Tables 6 and 7. Once again in these cases, where
the absorber is Doppler-broadened, except for y~ 1, y is not a slowly varying function of
absorption, invalidating use of the modified Beer's law in this case.

s i T
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Table 6. y factor variation with observed transmittance for a model one-dimensional single layer self-reversed
Doppler-broadened source (ILSRS) with optical thickness D =1 and a Doppler-broadened absorber

C. C. Davis and R. A. McFARLANE

A-V“ (Source)
b\ln [Absorber) 0.3 1.0 3.0 10.0

InF T Y T Y T Y ‘T v

-3.2 0.9603 1.000 0.9731 0.997 0. 9587 0.990 0.9965 0. 946

-2.3 0.9138 1.000 0.9413 0.993 0,9753 0.978 0.9924 0.969

-1.6 | 0.8181 1.000 | 0.8749 0.985 | 0.9471 0.951 | 0.9836 0.933

-0.8 | 0.6397 1.000 | 0.7405  0.965 | 0.8917 0.892 | 0.9665 0.856
0.0 0.3700 1. 000 0.5350 0.916 0.7972 0.7u8 0.9370 0.708
0.4 | 0.2269 1.000 | 0.4073 0.B66 | 0.7368 0.672 | 0.9180 0.603
0.8 { 0.1094 1.000 | 0.2833 0.787 | 0.h736 0.554 | 0.8980 0,484
1.2 | 0.0369 1.000 | 0.1410 0.671 | 0.6143  0.435 | 0.8789 0.372
1.4 1 0.0178 1.000 | 0.1315 0.603 | 0.5877 0.382 | 0.8702 0. 324
1.6 | 0.0073 1.000 [ 0.1101 0.538 | 0.5633 0.337 | 0.8621 0,285
1.8 | 0.0024 1.000 | 0.0857 0.477 | 0.5413 0.301 | 0.8547 0.253
2.0 0.0006 1. 000 0.0670 0.420 0.5210 0.273 0.8477 0.228
2.2 0.0001 1.000 | 0.0526 0.385 | 0.5023 0.250 | 0.8412 0.208
2.4 0.0000 1.000 0.0416 0. 353 0. 4849 0.232 0.8350 0. 192
2.6 | 0.0000 0.999 | 0.0330 0,326 | 0,485 0.217 | 0.8292 0.179
2.8 0. 0000 0.999 | 0.0¢262 0.304 0. 4530 0.204 0.8235 0,168
3.0 | 0.0000 0.999 | 0.0208 0.285 | 0.4383 0.192 | 0.8181 0,158
3.2 0.0000 0.999 0.0166 0,268 0,424 0.183 0.8128 0. 149

Table 7. y factor variation

-

with observed transmittance for a ILSRS

Doppler-broadened absorber

with optical thickness D =10 jnd

(Source)

£ ¥p

W 0. 1o 3.0 10.0

InF T v T v T -

5.2 [ Gown0s  1.000 [ .a793 0,958 | 0,91 hLo8s
2.4 0. 1141 1. 000 0,9547 0,474 0.9954% 0, 8

~1.6 [ GonlN9 L.006 | G, 4000 0,042 1 Q. uxaa g az20

=0, % 0.6411 1.000 0.8020 0, K74 0.9794 0. %50
0.0 {0,371 1,000 | v,ns0} 0.738 | 0.9%12 0N, 699
0.4 | 2255 1,000 | G.5215 0,637 | 0,93495 0,593
0.3 10,1106 1,000 | 0,404 0.520 [ 0,372  0.475
L2 10,0374 1.000O | 0.3670 G400 0.9254 0. 363
) (58 O.ulsl 1. 090 0.2627 0,357 0, eon 0. 3o
Lo | 00074 1. 000 | 9.2237 G4 | o950 0.277
LS 0.6025 1. 000 G. 1897 0,253 0, 104 0. 240
2.0 1 0.6007 0.999 | u. 1609 6,257 ) 09060 0,222
2.2 | 0.6001  0.999 | G. 1352 0.237 | 0,9020 0.203
2.4 0,.6000 Q, 9 G, 1135 0,220 0, 8982 0. In7
2.6 0.0000 0,4y 0. 0944 0. 206 0,895 0,174
2.4 0. 0000 0, s 0.07a2 0. 175 0. K910 .t
3.0 0.0000 0,495 0.0653% 0. 144 0. %376 0. 154
3.2 | £.0000 0,998 | 0.053% 0.175 | 0,8%3¢ 0. 145

(vii) Model one-dimensional single layer self-reversed Doppler-broadened source and Lorent-

zian-broadened absorber

Here we have used the same source lineshape

transmission integral

IIl,= f: (ﬁ)u —exp [~ D exp {~[2/(v - vo)lAvp, I In 2}])

x exp [~ F{1 + [2/(v — vo)lAwn, T} ') dw.

function as in (vi) and evaluated the

Gn ’

Some typical results are given in Tables 8 and 9. There is again a tendency for y to vary slowly

with absorption for large values of the linewidth ratio, for this absorber with a Lorentzian I

lineshape.

(viii) Model one-dimensional three-layer self-reversed Doppler-broadened sources and Doppler-

broadened absorbers

The one-dimensional, one-layer, model of a self-reversed source just discussed is inadequate
to describe most neutral resonance line sources used in atomic absorption spectroscopy. BRAUN
and CArrINGTON"” have proposed an improved two-layer model of a one-dimensional
self-reversed source which is a better approximation to reality. They treat the souice as
consisting of 2 layers, an emitting layer and a reversing layer, each Doppler-broadened at
different temperatures, extended in the direction of emission. As before, a photon emitted

B g T TR R |
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Table 8 y factor variation with observed transmittance for a ILSRS with optical thickness D=1 und
Lorentzian-broadened absorber

4 ‘D (Source)

0.1 1.0 3.0 10.9

T v i d M T v T v
0.9604 1.0060 0.9730 0. 98 0.9864 0.994 | 0.9952 0.991%
0.9140 1.000 | 0.9409 0.995 | 0.9703 0.986 | 0.9894 0.979
0.8185 1.000 0.8739 0,984 0.9360 0.969 | 0.9772 0.955
0.6404 1,000 | 0.7436 0.975 | 0.8674 0.933 | 0.9522 0.905
0.3710 1.000 | 0.5265 0.943 [ 0.7449 0.859 | 0.9061 0.812
0.2278 1.000 | 0.3235 0.912 [0.6616 0.802 | 0.8732 0. 749

{Absorber)

|

5

NOLOONPLOPNO R ENOD RS KNT DB &M

0.1101 1.000 | 0.2024 0.¥66 1 0.5679 0.735 | 0.8338 0.681
= 0.0372 1.000 | 0.1525 0.802 | 0,4705 0.667 | 0.7889 0.620
. e.017y 1.000 | 0.3100 0.765 | 0.4225 0.638 | 0.7646 0.595
s 0.0074 1.000 | 0.0763 0.727 | 0.3757 0.613 | 0.7391 0.576
5 0.0025 1.000 | 0.0510 0.092 | 0.3307 0.594 | 0.7123 0.561
0.0007 0.999 | 0.0328 0.n62 | 0.2876 0.579 | 0.6842 0.550

0.0001 0.999 | 0.0202 0.638 | 0.2468 0.568 | 0.6547 0.542
0.0000 0.999 | 0.0119 0.619 | 0.2086 ©0.560 ) 0.6237 0.536
0.0000 0.999 [ 0.0066 0.605 | 0.1732 0.554 | 0.5913 0.531
0.0000 0.992 | 0.0035 0.593 | 0.1410 0.549 | 0.5574 0.528
0.0000 0.998 | 0.0017 0.582 | 0.1124 0.545 | 0.5223 0.525
0.0000 0.997 | 0.0008 0.573 | 0.0873 0.542 | 0.4861 0.523
G.4111  0.521%
0.3346 0.520
0.2598 0.520
0.1903 0.520
0.1297 0.521
0.0808 0.521
0.0451 0.522
0.0220 0.521
0.0091 0.521
0.0031 0.520

NOC O PNV ABIAWULUWYNNNNN= e~ ~0200~Nw

Table 9. y factor variation with observed transmittance for a ILSRS with optical thickness D =10 and
Lorentzian-broadened absorber

Ly, (Source)

D

& (Absowber) 0.1 1.0 3.0 1. a
InE T Y T B T v T ot
-3.2 0. 9600 1.000 | 0.9780 0.997 0. 990b 0.993 0.9970 0. 940
-2.4 [ 0.9145 1.000 | 0.951) 0.993 | 0.9793 0.984 | 0.9932 0.97%
-Lé6 0.8196 1. 000 0.8967 0. 985 0.9553 0.964 0.9854 0.953
-0.8 0.6423 1.000 0.7874 0,940 0.9068 0.924 0,4593 0.1
0.0 0.3734 1.000 0.0v000 0,924 0.8182 0. K45 0,49394 0. 807
0.4 0.2300 1.000 Q.4786 (UL ) 0.7558 0. 749 0.9174 0.733
0.8 (0.1117 1.000 [ 0.3511 0.s42 ) 0.6828  0.727 | 0.8915 0.679
1.2 | 0.0380 1.000 | 0.2326 0.7-2% | 0.6022 0.670 0. 8609 D.621%
1.4 1 0.0184 0,997 | 0. 1814 0.761 | 0.5600 0.647 | 0.8441 0.599
1.6 0.0076 0.999 | 0.1370 0,734 0.5169 0.629 0.8260 0.582
1.8 | 0.0026 0.999 | 0.0999 0.714 | 0.4731 0,616 | 0.8068 0.5u9
2.0 0.0007 0.979 0.0701 0.700 0.4289 0.607 0.7862 0.560
2.2 0.0001 0.99) 0.0470 0.687 0. 3845 0.602 0.7641 0G.554
2.4 6.00006  ©0,99% 0.0300 0.h78 0.3402 0.600 0. 7404 0.550
2.6 | 0.0000 0.978 | 0.018¥0 0.570 [0.2965 0.598 | 0.7150  0.547
2.8 | 0.0000 0.997 | 0.0101 0.662 | 0.2541 0.599 | 0.6878  0.54¢
3.0 0.0000 0.9%0 0.0053 0.654 0.2134 0.600 0.6587 0. 540
3.2 0.0000 0.995 0.0025 0. 646 0.1753 0.601 0.6277 0. 540
3.h 0.5602  0.549
4.0 0.4854  0.554
4.4 0.4059 0,501
4.8 0.3235  0.568
5.2 0.2420 0,577
5.6 0,172 . 585
6.0 0. 1041 06.59%
6.4 0.05,7 0,5
6.8 n.0261 0,602
7. 0.0097  0.+01

towards the absorption cell, if reabsorbed, is assumed to have negligibly small probability of
once more being emitted in this direction. The frequency dependence of such a model is
g:(v) = (1 - exp [~ D, exp {~[2(v = wo)/Avp,I* In 2}]) exp [— Dz exp {— [2(v — vo)/Avp,)* In 2},
(32)

where D, and D, are the optical thicknesses of the two layers and Avp, and Awp, are their
respective Doppler widths. An example of such a lineshape is shown in Fig. 7 at I, which is
appropriate for D, = D, =1 and (Avp/Avp,) = 1.5. We have extended this model to include a
third layer, which we call the absorbing layer, which further reverses the source lineshape, and
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Ly I Igx2

'
~

\\ —la r—e Ig - To
\ 7
Emithing Layer Reversing Layer: Absorbing Layer
Emutter and Absorber Absorber Absorber
O, T, Ay, 0, T, & %, Dy Ty Avo’

Fig. 7. Development of one-dimensional, three-layer, self-reversed Doppler-broadened source line-shape

(3LSRS). The optical thickness, temperature and unreversed Doppler FWHM of each layer are D,, T,,

Avp; D, Ti, Avp,: Ds, T, Avp, respectively, The figure is appropriate to D,:D,:Dy=1:1:1 and
T,:T,:T,=15:20:3.

gives lineshapes which resemble experimentally observed self-reversed lineshapes well. This
model gives lineshapes

g:(v) = B{1 —exp [ Dy exp {-[2(v — vo)/Avp,)* In 2}]}
x {1 —exp [- D, exp {—[2(v — vo)/Avp,]* In 2}]J} exp [- Ds exp {—[2(v — vo)/Avp, ) In 2}], (33)

where B is a normalization factor. An example of such a line shape is shown in Fig. 7 at L.
Physically, the three layers in such a model correspond to the hot emitting region of a
resonance lamp, the hot layer of non-emitting gas between this emitting region and the lamp
window, and the cooler layer of absorbing gas in contact with the window.

Using the above model, we have evaluated the transmission integral

II,= Iu g:(v) exp (—F exp [ F exp {~[2(v — vo)/Avp,J* In 2}]) dv 34)

for a variety of self-reversed sources with different parameter ratios D,: D,: Ds and T,: Ts: T; for
a wide range of values of F and the fundamentai source/absorber linewidth ratio Avp,/Avp,.
These self-reversed source lineshapes ranged from small self-reversal (D, =0.1, D,=0.1, D; = 1;
T,: T»: T = 15:10:3) to extreme self-reversal (D, = 100, D=1, D; =100; T,: T>: T5=15:10:3).
Results showing the variation of y with absorption are given in Fig. 8 and Tables 11-14. In no

1.0
A
Ay, (Source)
PRI, M
08 Av, (Absorber)
A=0.1
06 B=10
C=:30
y B D= 10
04
C
02f-\0
L .4l 1 i - J
(o] 20 40 60 80 100

Observed Absorption (percent)

Fig. 8. y factor variation with observed absorption for 3LSRS (D,:D;:Dy=1:1:1; T,: Ty: T, = 15:10:3)
and Doppler-broadened absorber.
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Tahle 10. y factor variation with observed transmittance for a model one-dimensional three-layer self-reversed !
Doppler-broadened source (3LSRS) with D,:D,: Dy =0.1:0.1:1 and T,: T,: T, = 30:10:3 and a Doppler-broadened |

absorber
&v. . 'Source)
BV, \Absorber) 0.1 1o 3.0 10.0
D
InE | T \ T ¥ T q v
-3.2 [0.9003 1.000 | 0.9748 0.997 [0.9921 0.990 [ 0,9982 0.980
-2.4 0.9133 1.000 0.9450 0.994 0.49828 0,978 0.9950 0. 96l
1.6 [0.8182  1.000 [ 0.8825 0.9%6 |0.9629 0.952 | 0.9914 0,930
-0.8 | 0.639%  1.000 | 0.7605 0.907 | 0.9233 0.895 | 0.9824  0.n52
0.0 [0.3703 1.000 [ 0.5560 0.921 | 0.8535 0.782 | 0.9608  0.70%
0.4 0.2272 1.000 0.429 0.876 0.8066 0.697 0.9567 0.602
0.8 0. 1096 1.000 0. 3037 0. 804 0.7548 0.59% 0.9454 0. 4548
| {5 0.0369 1.020 0. 1962 0.700 0.7021 0.497 0.9352 0. 3%
1.4 0.0178 1.000 0. 1536 0.637 0.6766 0.451 0.9303 0. 336
1.6 0.0973 1.000 0.1191 0.572 0.6521 0.411 0.9256 0.299
1.8 0.0025 1.000 0.0920 0.509 0.6286 0.376 0.9212 0.2n0
2.0 | 0.0006 1.000 | 0.0712 0.454 [0.6043 0.346 | 0.9171  0.245
&2 0.0001 1.000 0.0554 0.408 0.5849 0.321 0.9131 0.227
2.4 | 0.0000 1.000 | 0.0433 0.370 |0.5634 0.299 | 0.9092 0.211
2.6 0.0000 0.999 0.0340 0.330 0.5449 0. 280 0.9055 0. 199
2.8 0.0000 0.999 0.0268 0.314 0.5261 0.263 0.9019 0. 18%
3.0 0.0000 0.999 0.0212 0.292 0.5082 0.248 0.8983 0. 178
352 0.0000 0.999 0.0168 0.274 0.4910 0.234 0. K94ax 0.170

and Doppler-broadened absorber

Table 11. y factor variation with observed transmittance for a 3LSRS (D,:D,:Dy=1:1:1; T,: T,: T, =15:10:3)

AVD (Source)

A_Vnm 0.1 1.0 3.0 10.0
InF T v T v T v T v
~3.2 | 0.9604 1.000 | ©.9790 97 | 0.9956 0.989 | 0.9991 0.9851
-2.4 | 0.9140 1.000 | 0.9540 0.9903 0.997 | 0.9981 0.9672
-6 0.8186 1.000 0.9012 0.9791 0.949 0.9960 0.9287
-0.8 | 0.6406 1.000 | 0.7968 0.9566 0.891 | 0.9918 0.8492
0.0 | 0.3712 1.000 | 0.6161 0.9156 0.781 | 0.9845 0.7012
0.4 [ 0.2280 1.000 | 0.4992 0.8475 0.702 | 0.9797 6.5985
0.8 | 0.1102 1.000 | 0.3766 ©.855)  ©0.612 | 0.9745  0.a862
1.2 | 0,0373  1.000 | 0.2636 0.8202 0.523 | 0.9695 0.3K14
1.4 | 0.o180 1.000 [ 0.2153 0.8024 0.483 | 0.9671 0.3377
1.6 0.0074 1.000 0.1736 0.7847 0.447 0.9649 0.3014
1.8 | 0.0025 1.000 | 0.1389 0.7671 0.416 | 0.9627 0.2724
2.0 | 0.0007 1.000 | 0.1106 0.7496 0.349 | 0.9607 0.2495
2.2 0.000}) 1.000 0.0879 0.732)% 0. 3A5 0. 9587 0.2313
2.4 0.0000 0.999 0.0698 0.7152 0. 334 0. 9568 0.2164
2.6 0.0000 0.999 0.0555 0.6983 0. 325 0.9549 0.2038
2.8 | 0.0000 0.999 | 0.0441 0.6817 0.308 | 0.9531 0.1931
3.0 | 0.0000 0.999 | 0.0352 0.6653 0.293 [ 0.9513  0.1837
3.2 | 0.0000 0.999 | 0.0280 0.6491 0,278 | 0.9495 0.1754
Table 12. y factor variation with observed transmittance for a 3LSRS (D,:D;: Dy =1:1:1; T,: T,: T, = 30:10:3)
and Doppler-broadened absorber
AvD (Source)
by (Absorber) 0.1 1.0 3.0 10.0
InF T v 5 v T v T v
-3.2 | 0.9604 1.000 | 0.9801 0.996 | 0.9956 0.988 | 0.9970 0.985
-2.4 ]0.9141 1.000 | 0.9563 0.992 | 0.9903 0.974 | 0.9577 0.967
-1.6 | 0.8188 . 1.000 | 0.9063 0.981 | 0.9792 0.944 [ 0.9952 0.928
-0.8 | 0.6409 1.000 | 0.8070 0.958 | 0.9570 0.881 | 0.9901 0.847
0.0 |0.3715 1.000 | 0.6343 0.904 | 0.9174 0.759 | 0.9813 0.700
0.4 [0.2282 1.000 | 0.5216 0.856 | 0.8907 0.673 | 0.975¢ 0.592
0.8 | 0.1104 1.000 | 0.4022 0.783 | 0.8606 0.576 | 0.9695 0.477
1.2 | 0.0374 1.000 | 0.2899 0.699 | 0.8293 0.482 | 0.9636 0.349
1.4 | 0.0180 1.000 [ 0.2408 0.649 | 0.5137 0.442 | 0.9609 0.324
1.6 ] 0.0074 1.000 | 0.1976 0.598 | 0.7984 0.407 | 0.9583  0.286
1.8 | 0.0025 1.000 | 0.1608 0.550 | 0.7533 0.378 [ 0.9559 0.257
2.0 [ 0.0007 1.000 | 0.1300 0.504 | 0.7684 0.353 | 0.9537 0.233
2.2 | 0.0001 1.000 | 0.1047 0.463 | 0.7538 0.333 | 0.9515 0.214
. 2.4 [0.0000 0.999 | 0.0841 0.427 [0.7392 0.315 | 0.9494 0.149
2.6 | 0.0000 0.999 | 0.0675 0.395 | 0.7248 0.300 | 0.9474 0.147
2.8 | 0.0000 0.999 | 0.0540 0.367 | 0.7105 0.286 | 0.9455 0.176
3.0 | 0.0000 0.999 | 0.0433 0.342 [0.6964 0.273 | 0.9436 0. 166
3.2 10,0000 0.99% | 0.0346 0.320 | 0.6824 0.262 | 0.941K 0. 15%
3.6 0.6543 0.241
4.0 0.6278  0.224
4.4 0.6015 0.209
4.8 0.5759 0. 195
5.2 0.5511 0.183
5.6 0.5271 0.172
6.0 & 0.5038 0.163
6.4 0.4814 0. 154
6.8 0.4598 0, 146
7.2 0.4391 0,139
.
-
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Table 13. y factor variation with observed transmittance for a 3LSRS (Dy: D,: Dy = 10:1:10; T,: Ty: T, = 15:10:3)
and Doppler-broadened absorber

v _ (Source)
—LTDv(_Am—I 0.1 1.0 3.0 10.0
InF T v T v 7 v T e
-3.2 0.9604 1. 000 0, 3904 0.4997 0.9%99 0. 998 1. 0000 0.987
-2.4 | 0.9148  1.000 | 0,974 0,993 10,9998  0.994 | 1.0000 0,671
-1l.6o | 6.8202 1,000 | 0.9540  0.955 | 0,999h  0.992 | 1.0000  G.937
0.8 | 0.6433 1,000 | 0.7020  0.96% | 0.9992  0.983 | 1.0000 G, Kn9
0.0 0.3747 1.000 0.K013 0.930 0.9983 0,964 1. 0000 6,746
0.4 0.2312 1.000 0.7259 0. K97 0.9974 0.949 1. 0000 0.663
0.8 | 0.1125 1.000 | 0.6334 0.852 | 0.9963 0.930 1.0000 0,574
1.2 0.0384 1. 000 0.5252 0.791 0.9949 0.904 1. 0000 0,398
1.4 | 0.0187 1.000 | 0.4734 0.755 [ 0.9937 0.88% 1. 00060 0. 404
1.6 0.0077 1.000 0.419) 0,716 0.9925 0.872 1. 0000 0.441
1.8 0.0026 1.000 0. 3666 0.675 0.9910 0.854 1. 0000 0.420
2.0 0.0007 0.999 0.3172 0.633 0.9894 0.834 1. 0000 06.405
2a& 0.0001 0.999 0.271b 0,592 0.9874 0.813 1. 0000 0.3%92
2.4 0.0000 0.999 0.2306 0.553 0.9852 0.791 1. 0000 0. 382
2.6 0.0000 0.999 0. 1942 0.514 0.9827 0.707 1.0000 0.374
2.8 0.0000 0.959 0.1625 0,483 0.9799 0.743 1. 0000 0. 3,7
3.0 0.0000 0.998 0. 1351 0.452 0.97A7 0.719 1.0000 0.361
3.2 | 0.0000 0.998 | 0.1118 0.424 | 0.9732 0.693 1.0000 0. 346

Table 14. y factor variation with observed transmittance for a 3LSRS (D,:D,:D,=100:1:100; T,:T,: T, =
15:10:3) and Doppler-broadened absorber

A\cD (Source)
8y, (Absorber) 0.1 0.5 1.0 3.0

InF T Y T v T v T v

-3.2 0.9612 1.000 0.9798 0.999 0.995% 0.998 1. 0000 1.000

-2.4 | 0.9157 1.000 0.9556 0.997 0.9908  0.975 1. 0000 1. 000

-1.6 0.8221 1.000 0.9042 0.994 0.9797 0. 948 1. 0600 1.000

-0.8 | 0.6444 1.000 [ 0.8004 0.987 | 0.9559 0.974 1.0000 1. 600
0.0 0.3739 1.000 0.613% 0.971 0.9070  0.944 1. 0009 1. 050
0.4 0.2351 1.000 0.4872 0. 956 0.8676 0.918 1. 0000 0.9
0.8 0. 1154 1.000 | 0.3473 0.933 0.8151 0.882 1. 6000 0,900
1.2 0.0399 1.000 0.2180 0.899 0.7487 0.832 0.994% 0. 934
1.4 0.0196 1. 000 0.1615 0.878 0.7104 0. K02 0.9979 0,498
1.4 0.0082 0.997 0.1138 0.852 0.6694 0.768 0.97979 0.:99.7;
1.8 0.0023 0.999 0.0760 0,822 0.6203 0.732 0. 9999 0,997
2.0 0.000%8 0.999 0.0479 0.790 0.5817 0.693 0.9949 0.99%
2.2 0.0002 0.999 0.0285 G.754 0.5367 0.655 0.9999 0,995
2.4 0.0000 0.999 0.0160 0.716 0.4920 0.617 0.9994 0.994
2.6 0.0000 0.998 0.0085 0,676 0. 4482 0.581 0.9993 0.493
2.8 0.0000 0.998 0.0042 0.634 0.4060 0.549 06,9997 0,971
3.0 0.0000 0.997 0.0020 0.590 0.3656 0.521 0. 72997 0,043
3.2 0.0000 0.996 0.0009 0.545 0.3274 0.49% 0. 9996 0.987

case does y approach a nearly constant value over any significant range of absorption, except
when Avp,/[Avp, <1 and y— 1. This once again shows the invalid nature of the modified Beer's
law for y factors <1 when the absorber is Doppler-broadened.

(ix) Model one-dimensional three-layer self-reversed Doppler-broadened sources and Lorent-
zian-broadened absorbers

Using the same self-reversed lineshape function as in Section (viii), we have evaluated the
transmission integral

1= [ gy exp (- F(1+ (200 = vl T 1 v 3

for a variety of source parameter ratios D;: D,: D; and T,: T,: T; and a wide range of F and the
fundamental source/absorber linewidth ratio Avp,/Avy,. Typical results are given in Fig. 9 and
Tables 15-19. These results show that vy is a more slowly varying function of absorption than is the
case for Doppler-broadened absorbers. Furthermore, for large values of the linewidth ratio
Avp,/Avy,, v approaches a fairly constant value over a wide range of absorptions. A number of
the curves tabulated in Tables 15-19 could not be extended to large values of absorption for the
range of values of F used. This occurs particularly for heavily self-reversed sources and
absorbers when the ratio Avp,/Awy, is large; in these cases, almost all the emission from the
source lies outside the region of significant absorption.

v
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Ay, (Source)

Avy(Absorber)
A=:01
8:=10
c=30
D:=10

02

1 1 L

ok
[o} 20 40 60 80 I60
Observed Absorption (percent)

Fig. 9. y factor variation with observed absorption for 3LSRS (D,: Dy: Dy = 1:1:1; T,: T,:T,=15:10:3)
’ and Lorentzian-broadened absorber.

Table 15. y factor variation with observed transmittance for a 3LSRS (D,:D,:D;)=0.1:0.1:1; T,:T,: T, =
30:10:3) and Lorentzian-br adened absorber

tv_ (Source)
B _______ 0.1 1.0 3.0 10.0
vy (Absorber)

InF T v T ¥ T Y T v
~3. 2 0.9604 1.000 6G.9747 0.9938 0. 9573 0. 994 0.9970 0.991
-2.4 0.9140 1. 000 0. 9446 0.9 0.9765 0.988 0.9934 0.981
-1.6 0.38187 1.000 0.8814 0.990 0.9491 0.973 0.9857 0. 460
-0.8 0.6407 1.000 0.7574 0.4977 0.8933 0.943 0.49698 0.916

0.0 0.3713 1.000 0.5472 0. 444 0.7847 0. 883 0.93495 0.838

0.4 0.2281 1.000 0.4152 0,922 0.7156 0.839 C.9168 0.788

0.8 0.1103 1. 000 0.281% 0. 382 | 0.6277 0. 7848 0. 88H4 0.737

1.2 10.0373 1.000 | 0.16634 0.427 [ 0.5299 0.736 |[0.8537 0.693

1.4 0.0180 1.000 0. 1205 0.794 0. 14792 0.712 0.8338 0.677

L6 0.0074 1. 000 0.0837 0.759 0.4282 0.0690 0.8121 0. 665

1.8 0.0025 1.000 0.0557 0.724 0.3776 0.671 0. 7845 0.655

2.0 | 0.0007 0.999 | 0.0355 0..92 [ 0.3283 0.653 |0.7627 0.644

2.2 0.0001 0.999 0.0217 0,063 0.2510 0.639 0.7346 0. 644

2.4 0. 0000 0.999 0.0126 0,039 0.23063 0.625 0.7041 0. 640

l.6 0.0000 0.999 0.0069 0.i.20 0. 1950 0.613 0.6712 0. 636

2.8 0.0000 0.999 0.0036 0.603 0.1576 0.601 0.6358 0.633

3.0 0.0000 C.998 0.0017 0.519 0. 1244 0.591 0.59%1 0.6249

3.2 0.0000 0.997 | 0.000% 0.5748 0.095% 0.581 0.55843 0.625

3.6 0.4735 0.616

4.0 0. 3846 0. 605

4.4 0.2966 0.593%

4.8 0.2147 0. 580

5.2 0.1430  0.54%

5.6 0.0%51 0.55u

6.0 0.04R2 0.547

6.4 0.0231  0.538

6.8 0.0094 0.531

A 0.0031 0.526

(x) Model one-dimensional three-layer self-reversed Doppler-broadened source and Voigt-
broadened absorber

The transmission integral we have evaluated in this case is
lIIo=J: gi(v) exp [- FRW(z')| AW (iy")] dv. (36)

Results from these computations i1or a Voigt-broadened absorber whose Lorentzian
width/Gaussian width ratio was unity are given in Table 20. Again, for large source/absorber
linewidth ratios, ¥ becomes nearly constant or slowly varying for this absorber, which has a
substantial degree of Lorentzian broadening. It seems to be a general result that, for Lorentzian
absorbers and large sourcefabsorber linewidth ratios, y may become nearly constant or at least
more slowly varying than for other types of absorption lineshape.

DISCUSSION AND CONCLUSIONS

Figures 1-9 and Tables 1-20% represent a comprehensive survey of the various types of
source/absorber lineshape combinations likely to be encountered in time-resolved atomic

tGraphical presentation of all the y factor/observed absorption curves tabulated in Tables 1-20 and the curves of growth
from which they were derived are available.”””
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Table 16. y factor variation with observed transmittance for a 3LSRS (D,:D,:D,=1:1:1; T,: T,: T, = 1S: 10:3)
and Lorentzian-broadened absorber

Iiyy (Source
- Y TP 0.1 1.0 .0
> e -
— — —

InF | 1 v i . v i
3.2 [0.%06  1.000 | 0. 4740 0,998 | 0.9:28 0,993 [0, 08 i
-2 4 O, 9144 1. 000 0,954 0O, 995 0, 1840 V. 9uT7 O, ‘ 1
-1t 0.%195  1.000 | 0,005 0. 188 | 0.9653  0.975 |0, 9918 0,900
-0. 8 0. 6420 1.000 ] o 8 0,974 0,9265 (O P 0. R7 0, 1
0.0 0. 3740 1.000 | G.60NT7 0,944 | 0.852% 0. 887 PRI R 0. %41
0.4 | 0.2247 L0000 | 0.43853 0. 919 | 0.7T970  0.84% | 06,9400 0, Ted
0.8 | 0.1114  1.000 | ¢.3534  0.854 | 0.7280  0.805 | 0.9%0¢  0.747
1.2 1 0,037 1.000 | 0.2287 0.8340 | 0.6461  C.7uy | 0.9%0%%  0.710
1.4 | v01s4 1.000 | 0.1746  0.#15 | 0.6009 0.753 | 0.5952  0.n47
1.6 0.0076 0,979 0. 1282 0.790 | 0.5531 0.739 0, RKO4

1.8 | 0.0uU2¢ 0.999 | 0.0402 0.766 | 0.5034 0,727 | 0.8041

2.0 | 0.0007 0.99% | 0.0606 0,742 | 0.4521 0.7 0. K458

2.2 0.0001 0.939 0.0387 0.720 0.400!} 0,700 O.8254

2.4 | 0.0000 0.999 | 0.0234 0.699 | 0.3482  0.697 | 0, K027

2.6 ] 0.0000 0.97% | 0.0133 0.6% | 0.2974 0.638 | 0.7774

2.8 0.0000 0.99s 0.0071 0,662 0. 2447 0. 074 0. 7414

3,0 | 0.0000 0,997 [ 0.0035 0.646 | 0.2031  0.671 | 0,7 15¢

3.2 | 0.0000 0.996 | 0.0016  0.631 | 0. 161F 0.662 | 0.6545

3.6 0,608

4.0 0.5208

4.4 0.4254

4.8 0.3272

5.2 0,244

5.6 0. 1516

6.0 0.0UK877

6.4 0.0440

6.8 G. U185

Tl 0.004 3

Table 17. y factor variation with observed transmittance for a 3LSRS (D,:D,: D, =1:1:1; T,: T,: T, =30:10:3)
and Lorentzian-broadened absorber

L“l) (Source:
Evy (Absorber) 0.1 1.0 3.0 10.0
InF T v T v T v T v
-3.2 0. 9606 1. 000 0.9782 0.998 0.9926 0.995 0.99%3 0.992
-2.4 | 0.9143  1.000 |0.9522 0.995 | 0.9836 0.989 | 0.9963 0.983
-6 0.8193 1.000 0.3972 0.949 0.9643 0.976 0.9920 0.964
-0.8 | 0.6417 1.000 | 0.7877 0.977 | 0.9243 0.949 | 0.9829 0.92t
0.0 | 0.3726 1.000 | 0.5960 0.948 | 0.8471 0.899 | 0.9650 0.861
0.4 0.2293 1.000 0.4702 0.924 0.7889 0. 865 0.9512 0.820
0.8 0.1111 1.000 0.3367 0.849 0.7162 0.82¢ 0.9332 0.7481
1.2 0.0377 1.000 0.2129 0.843 0.6297 0. 787 0.9101 0.750
1.4 | 0.0153  1.000 |0.1603 0.817 | 0.5819 0.767 | 0.K963 0.7
1.6 | 0.0076 1.000 ] 0.1158 0.790 ] 0.5318 0.752 | 0.8508 0.731
1.8 | 0.0026 1.000 | 0.0801 0.762 | 0.4800 0.737 | 0.8634 0.726
2.0 0.0007 0.999 0.0528 0.735 0. 4272 0.723 0, 8438 0.722
2.2 0.6001 0.999 0.0332 0.709 0.3742 0.710 0.8219 0.719
2.4 | 0.0000 0.999 | 0.0197 0.686 | 0.3222 0.697 | 0.7973 0.717
2.6 | 0.0000 0.999 |0.0111 0.665 | 0.2720 0.684 | 0.7700 0.715
2.8 0.0060 0.998 0.0058 0.647 0.2247 0.672 0.7396 0.713
3.0 | 0.0000 0.998 | 0.009 0.630 [D.1812 0.661 | 0.7062 0.710
3.2 | 0.0000 0.997 | 0.0013 0.616 [0.1424 0.649 | 0.6697 0.706
3.6 0.5878 0.697
4.0 0.495% 0,640
4.4 0.3977  0.673
4.8 0.2997  0.658
5.2 0.2091  0.642
5.6 0. 1326 0.626
6.0 10.0750 o0.610
6.4 0.0368 0.595
6.8 0.0153 0.581
T2 0.0051 0. 568

absorption experiments. Typically, in such experiments very reliable information about the
source and absorber lineshapes is not available. The experimentalist may know whether the
absorber lineshape is predominantly Gaussian or Lorentzian or whether the source is strongly
self-reversed or not, and perhaps have an approximate idea of the source/absorber linewidth ratio
involved. When only limited lineshape information is available, it is not profitable to perform
exact calculations but the y factor/observed absorption results given in Figs. 1-9 and Tables 1-20
may be scanned to find a source/absorber combination which approximates a given experimental
situation. This procedure should allow the experimentalist to determine whether y is constant or
sufficiently slowly varying, for the modified Beer’s law to be used.

Line-broadening in the absorber is the most important factor determining the behaviour of y
and not the occurrence of self-reversal in the source. Except for source linewidths which are

——————e el
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Table 18. y factor variation with observed transmittance for a 3LSRS (D,:D,: Dy = 10:1:10; T,: T5: Ty = 15:10:3)
and Lorentzian-broadened absorber

A\D (Sonrce)
m)s-uﬁ:—r'. 0.1 1.0 3.0 1.0

InF T : T, T 7

-3.2 0.9 11 1. 000 0.9871 0. 99" 0.G978 0, a 1. 000

2.4 0.9154 1. 000 0.9715 0.4 0.9950 Q. Q. 9aq8 1. 000

-1.6 0.8215 1. 000 0.9378 . 0. "890 0,978 0, wuna 1.000

-0.8 0.6455 1. 000 0. 8675 0. 988 0. 9758 0. %95 0, 937y 0,9
0.0 0.3770 1. 000 0.7319 0.974 0.9472 0, "INE 0.9947 0. 998
0.4 0.2339 1.00¢ 0.6311 0.1 0.9226 0. 943 0.9921 0,998
0.5 | 0.1135 1.000 10.5092 0.44 | 0.KKTS 0,975 | 0.9883 0,997
1.2 0.0394 1. 000 0. 3744 0. 920 U. 83Ke 0, Y63 0. 93820 0. 4995
1.4 0.0193 0,999 0.3070 0.705 0.507% 0,958 0, 9TRN 0,994
1.6 0.0051 0. 999 0, 24258 0. 8589 0.7722 0, 4950 0.9741 0,994
1.8 0.0028 0. 439 0. 1844 0.871 0.7515 0,941 0,086 0. 4991
2.0 0.00038 0.99 0.1337 V. d51 0. 6857 0, %30 0.9 18 0,989
2.8 0.0002 0. 939 0.0920 0.830 0.6347 0,910 0,990 0.9%7
2.4 0.0000 Q. 998 Q.0598 0.809 0.5742 0, 90n 0.9433 0,954
2.6 0.0000 0.9938 0.0365 0.748 0.51%0 0,891 0.9320 0.982
2.8 | 0.0000 0.997 | 0.0207 0.767 | 0.4573 0.876 | 0.9179 0.974
3.0 0.0000 0.996 0.0104 0,740 0. 3947 0. 859 0.9010 0.974
3.2 0.0000 0.9395 0.0053 0.727 0. 3305 0.832 0. 8810 0. 969

Table 19. y factor variation with observed transmittance fora 3LSRS (D,: D,: D, = 100:1:100; T,: T;: T, = 15:10:3)
and Lorentzian-broadened absorber

c»D (Source)

tv. (Absorberi 0.1 0.5 Lo 3.0
N

InF B N iy N T i 0 M
2 0.9617 1. 000 0.97495 0. i 0.1912 0,987 1. 000
4 0. 4167 1.000 0.4549 0.9 0. 9304 0.9471 1. 000
6 0.8240 1.000 0.9026 0.7 0.9571 0. 993 0. 999
-0.5 0.6500 1.000 0.7967 0,943 0.9074 0, 98569 0,948
o 1 0
4 1

0. 3434 .000 | 0.6053 .945 | 0.8070 . “as? 0,915

L2393 . 000 0.4753 0,477 0. 7280 0, 9541 0.49493%
s 0. 1185 1.000 0.3334 0. 9.6 0.6262 0,925 0, a9
.2 10,0415 0.999 [ 0.1991 0.%50 | 0.5032 0.9014 0,985
4 0.0205 0,199 0. 1420 0.930 0,452 0.8814 0, a82
6 10,0047  0.999 | 0.0949  Q.928 | @, 563w V.857T3 V. 9T
H | 6.0030  0.929 | 0.0587 0.+14 | 0.3004 0. 8294 0,974
0.0003 0.998 | 0.0332 0.%90 | 0,230}
2 | 0.0002 0.993 | 0.0170 O
4 | 0.0000 0.997 | 0.0077 O.840 | 0.1279
6 ] 0.0000  0.997 | 0.0031 O.#4+ ] 0,086
0.0000 0,946 | 0.0011 0.83! | 0.0554 O.ul34 0,145
0.0000 0.9)5 | 0.0003 O.K12 0.5547 0,424
0.0000  0.993 | 0.0001 0.791 | 6.0179 0.%01 | 0.4%22 0. 4]l

0,77 0,8
0.7540 0,962
G. 7158 0,454
0.6573 0. 9345

o x

o N N N T N - -

~

Table 20. y factor variation with observed transmittance for a 3LSRS (D,:D,: Dy =1:1:1; T,: T5: Ty =15:10:3)
and Voigt-broadened absorber with Lorentzian width/Gaussian width = 1

AVD (Source)
tvp, (Absorber) 021 1.0 3.0 10.0
InF E v T - ok v T 5
-3.2 | 0.9602 1.000 | 0.9710 0.999 [ 0.9849 0.4994 | 0,947+ 0,991
-2.4 | 0.9135 1.000 | 0.9567 0.947 | 0.9756 0,988 | 0.9443 0,979
-6 0. 1879 1. 000 0.%650 0. 974 0.9473 0,973 0. 9876 0.955
-0.8 0.639¢2 1.000 0.7256 0.937 0. 8894 0,942 0.9739 0.907
0.0 | 0.3694 1.000 | 0.4949 0.%69 | 0.7830 0.5%1 0. 9481  0.822
0.4 | 0.22064 1.000 | 0.3552 0.953 | 0.7072 0.837 | 0.9290 0,764
0.8 | 9.1090 1.000 | 0.2205 0.926 |0.6177 0,785 | 0.9052 0,714
1.2 0.03u7 1. 000 0.1129 0. 884 0.5189 0.734 0.875% 0,676
1.4 0.017v 1. 000 0.0740 0,855 0.4678 0.711 0,858 0.603
1.6 0.0072 1.000 0.0455 0.821 0.4165 Q.61 0. K415 0,455
1.8 0.0024 1.000 0.0202 0.755 0. 3658 0.674 0.8214 0.652
2.0 0.0006 1. 000 0.0142 0.741 0. 3164 0. 650 0,792 0.652
2.2 G.0001 1. 000 0.0072 0.699 0.2690 0,638 0.7747 0,651
Z.4 0.0000 1. 000 0.0034 0,661 0.2243 0.6 39 0.7470 0. 65¢
Z.6 | 0.0000 1.200 1 0.0015 0.62% | 0.1830 0,630 § 07177 O 654
2.8 | 06,0000 1,000 | 0.0006 0.600 | 0.1457 0,623 [ 0,654 0,602
3.0 7.0000 1.000 0.0003 0.577 0. 1128 0,616 0.0472 0.664
3.2 1 0.0000 1,000 | 0.0001 0,559 |0.0848 0.610 | 0.6106  0.u065

significantly narrower than the absorber linewidth (when y approaches unity), Doppler-
broadened absorbers never exhibit y factors which are sufficiently slowly varying for the
modified Beer's law to be used. Substantial line-wing absorption appears to be essential for y to
become slowly varying or nearly constant. With absorbers which are Lorentzian-broadened, or
Voigt-broadened with significant Lorentzian character, y sometimes becomes relatively slowly
varying for linewidth ratios ~3 and nearly constant for linewidth ratios ~ 10. Linewidth ratios
as large as the latter are very unlikely to be encountered in practice. We conclude that, even
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with a Lorentzian or Voigt-broadened absorber, y factors greatly different from unity and
slowly varying with absorption should not occur. It must be admitted that many real
experimental situations are more complex than the source/absorber models we have used and
other factors not considered in our models may contrive to make y a slowly varying factor
under some conditions. However, in general, we feel that data obtained in time-resolved atomic
absorption experiments analyzed with y factors greatly different from unity, say <0.9, should
be viewed with suspicion unless data demonstrating that Inln(l/f) vs In (absorber
concentration) plots are linear throughout the range of absorber concentrations used in the
analysis, are presented. Once v is recognized as a varying function of absorption, attention can
then be paid to whether an average value of vy, appropriate to the range of absorptions observed
in the experiment, should be used to give more accurate results than would be obtained by
assuming that y = 1. For example, in Fig. 3, which treats a Doppler-broadened source and
Lorentzian absorber, for observations made between 0 and 40% absorption, with a
source/absorber linewidth ratio = 3, y varies from 1 to 0.78. It would probably be more reliable
in such a situation to use an average value of v, 0.89 and treat this as constant, rather than
neglect y entirely and use y = 1.

It should be noted that inaccuracies introduced because vy is not constant and not equal to
unity are not in general increased by using self-reversed sources. Consequently, in atomic
absorption experiments it is better to try and make the source/absorber linewidth less than
unity rather than expend effort in avoiding self-reversal in the source.

One further complication in time-resolved atomic absorption experiments is that the
lineshape of the absorber may in theory itself be time-dependent, clthough hopefully this should
not happen in practice, particularly when the absorber is present in a large excess of diluent. If
this lineshape were to vary, its time-dependence would probably be unknown and any attempt
at reliable analysis of the data would be impossible. Indeed, one could conceive of a situation
where the time-dependence of the absorber lineshape were such as to produce observed
absorptions apparently satisfying eqn (16), with a constant y, but in fact yielding totally
erroneous values of 7. It would therefore appear important to ascertain that the absorber
lineshape is not time-dependent through being a function of absorber concentration. Without
this possible complication, in measurements of the decay rate of transient absorbers where the
modified Beer’s law is not approximately correct, it follows from eqn (13) after writing
F = F,e """ that

i bFyle ™" cFuse—uh+ 8
2! 3! .

T=1-aFe™" (37)

if measurements are made for small values of F, direct numerical fitting of a function containing
a few terms of eqn (37) should yield accurate values for 7, without using an unreal y factor to
analyze the data as in eqn (16).
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